INTRODUCTION

Considerable progress has been made in the
Received January 23, 1989 . Accepted June 19, 1989. 11 "o whom corrcspundenc, should be addressed. genetic analysis of lactic acid bacteria used in industrial dairy fermentations as a result of the rapid development of host-vector systems (2, 6, 15) . Two main factors have contributed to establishing these systems that were originally developed for the mesophilic lactic acid bacteria belonging to the species Lactococcus lactis ssp. lactis or cremoris (previously designated Streptococcus crernori$ or Streptococcus lactis). First of all, transformation protocols based on the process of electroporadon, which had demonstrated its efficiency in Lactobacillus casei (2) , could be successfully applied to various lactic acid bacteria (3) . This included strains of transformable species that had been recalcitrant to the established protoplast transformation procedures (15) , such as the industrially used L. lactis ssp. cremoris strains and also species and genera that could not be transformed at all, such as Streptococcus thermophilus, LactobaciUus bulgaricus, and various Leuconostoc spp. (3, 4, 16) . Second, it appeared that most of the broad host-range lactococcal cloning vectors (6) were able to replicate in these transformable lactic acid bacteria. As a result, many of the important dairy lactic acid bacteria may now be genetically modified using the panoply of plasmid vectors developed for lactococci (see Table 1 for a summary).
Strong interest continues for the further development of these first generation cloning systems and their use in establishing genetically modified lactic acid bacteria. The objectives underlying this interest have both fundamental and applied aspects. First of all, improved cloning systems allow the detailed investigation of fundamentally interesting genetic, physiological, and ecological properties of lactic acid bacteria. In addition, specific and controllable improvements may be introduced into the fermentative properties of lactic acid bacteria. Finally, there are a number of inherent properties that make lactic acid bacteria promising candidates as production organisms for the synthesis TABLE 1. Lactic acid bacteria that are accessible to genetic modification techniques using the cloning vectors developed for lactoct~i (3, 4, 16 of proteins or metabolites for the food industry. Lactic acid bacteria are food-grade and palatable; they have the potential to ferment cheap subswates under simple, anaerobic conditions; and they have the capacity to secrete proteins since they are gram-positive bacteria. The latter property is of particular relevance for the production of heterologous proteins since lactic acid bacteria have a low level of exwacellular proteases, which make them attractive alternafives for the production organisms presently used in the food or pharmaceutical industry.
However, for the application of genetic modification techniques in lactic acid bacteria, a detailed understanding of gene expression and gene structure is essential. This paper is intended to summarize the organization and expression of the lactococcal lactose and proteinase genes, which presently are the best characterized genes of lactic acid bacteria. In addition, the applications of the resulting-molecular information in developing food-grade selection, expression, and secretion systems for the mesophilic lactic bacteria of the genera Lactococcus and Leuconostoc are briefly discussed.
LAGTOCOCCAL LACTOSE GENES
The primary function of lactic acid bacteria is the fermentation of lactose into lactate. It is well-known that industrially used strains of Lactococcus lactis ferment lactose in a homolactic fashion that is initiated by the t~'ansport of the milk sugar via a phosphoenolpyruvate (PEP)-dependent phosphowansferase system (PTS) (12) . In this lactose:PTS the phosphoryl group of PEP is transferred to lactose via a chain of reactions in which the lactose-specific phosphocarrier Factor III (Enzyme III) and the transmembrane protein Enzyme II are the last intermediates. The resulting lactose-6-phosphate is subsequently hydrolyzed into glucose and galactose-6-phosphate by a phospho-~-galactosidase, which is unique for this lactose: PTS. The observation that in various lactococcal stxains the genes encoding these three lactose-specific enzymes are plasmid encoded has both facilitated and stimulated the genetic analysis of these lactose genes (8) . The best characterized lactose genes so far are those of L. lactis strain 712.
The lactose genes of L. lactis 712 have been located on the mini-lactose plasmid pMG820 by deletion mapping studies (10) . This allowed the cloning and expression of the phospho-l~-galactosidase gene in E. coil (17) and subsequently in L. lactis (8, 9) . The nucleotide sequence of a 4.5-kilobase (kd) fragment containing this gene was determined and appeared to contain various, unidirectional open reading frames. A number of approaches have been used to assign the genes for Enzyme II (lacE) and Factor III (lacF) and phospho-{3-galactosidase (/acG) to these open reading frames, including cloning and overexpression in E. coil; cloning, expression, and complementation in L. lactis; and the analysis of the expression products using antibodies raised against purified proteins (7, 9, 12) . Furthermore, the N-terminal amino acid sequences of the purified expression products of the lacG and lacF genes have been determined (9) ( Figure 1) indicates that the lactose genes are organized in an operon-type structure containing small intercistronic regions.
Expression and transcription studies in L. lactis showed that the lactose genes are indeed organized into a single transcriptional unit. The upstream region of lactose operon is not contained in the sequenced DNA regions that, therefore, do not contain the original, strong lac-promoter. This promoter has now been isolated and is presently the subject of further genetic analysis.
The exact positioning of the lacF and lacG genes allowed the direct identification of translational initiation signals for these highly expressed genes. The ribosome-binding sites have a high complementarity (TAG values varying from -14 to -16 kcal/mol) to the 5" end of the L. lactis 16S rRNA, similar to what has been observed for other putative lactococcal translational initiation signals (6) . Furthermore, the first of the lactose-specific genes, the /acF gene, starts with an TrG codon, whereas the /acG gene, and presumably also the/ace gene, starts with the more common ATG triplet.
Development of a Food-Grade Selection b'~/stem in /.a~oco~/act~
Because lactose is the only fermentable sugar present in media used in the dairy industry, and lactose-proficient strains may be easily distinguished from lactose-deficient strains (10, 18) , the ability to ferment lactose may have wide potential as a food-grade selection marker in lactic acid bacteria.
An ideal marker gene should be as small as possible. Therefore, the 318-bp lacF gene was selected as the most suitable candidate to develop a food-grade selection system. Additionally, an important factor supporting this initial choice was the fact that Park and McKay (18) and Wolfe and McKay (25) had isolated a lacFdeficient mutant, designated YP2-5, after mutagenesis of a L. lactis derivative containing chromosomally encoded lactose genes. Further genetic analysis of strain YP2-5 using specific DNA probes showed that this strain contained a single copy of the lactose genes. Therefore, the chromosomal/acF gene from strain YP2-5 was isolated, cloned, and sequenced and indeed contained a mutation in the lacF gene (W. M. de Vos et al., manuscript in preparation).
Subsequently, a functional /acF gene was isolated as a .4-kb DNA fragment from pMG820 and cloned in L. lactis under direction of a vector located promoter. This precaution was necessary to obtain expression of the lacF gene; it is located within the lactose operon and as a consequence does not contain a functional promoter (see Figure 1 ). When the final construct was introduced by electroporation into the L. /actis strain YP2-5, a direct selection of lactose-proficient transformants appeared possible by the complementation of/acF deficiency of this host (7; W, M. de Vos et al., manuscript in preparation). In addition, the resulting hostplasmid combination could be stably mainmined for more than 100 generations in both laboratory and industrially used media containing lactose. In glucose-containing media, however, curing of the plasmid was observed as a result of the segregational instability of the selected plasmid vector.
These results demonstrate that based on a detailedgenetic analysis of its constituents, it is possible to develop a food-grade system for the selection and maintenance of genetically modified lactic acid bacteria.
LACTOCOCCAL PROTEINASE GENES
Lactococci contain a complex proteolytic system that is essential for rapid growth in milk and the development of flavor during maturation of a fermented dairy product (20) . A key enzyme in this proteolysis is a cell envelope located serine proteinase. Two main types of this proteinase, PI and PIII, may be distinguished on the basis of their cleavage specificity toward casein (21) . Model studies have shown that the Pill type proteinase that is capable of degrading O.sr, ~-, and r-casein does not produce the bitter testing peptides f~om casein that are observed with the PI type proteinase (5, 6). The structural genes for both types of proteinase have been cloned, expressed, and sequenced (6, 14) , and the primary sequences appear to differ in 44 amino acid residues, some of which are located in essential regions (23) . The genetic information for the PIII type proteinase from the industrial L. lactis ssp. cremoris strain SK11 has been analyzed in detail and used as a model to explore the possibilities for a rational alteration of the proteolytic system in lactococci (5, 7, 23) .
Structure of the Lactococcus lactis SK11 Protl)inase Genes and Their Products
Lactococcus lactis ssp. cremoris strain SKI 1 carries a 78-kb plasmid pSK111 that encodes the production of a PIII-type proteinase. A region of approximately 10 kb, containing the genetic information for this proteinase, has been identified on pSK111 and completely sequenced (7, 23, 24) . Cloning and expression studies in L. lactis and E. coli have shown that this region contains two oppositely orientated genes, prtP and prtM (see Figure 2 for a summary of their organization). These are essential for the production of an active proteinase (7, 24) .
The prtP gene is the structural gene for the SKll proteinase and contains an open reading frame for a 206-kdal protein with a primary structure that is summarized in Figure 3 . Homology studies showed that this lactococcal proteinase has significant amino acid sequence homology to a number of refine proteinases of the subtilisin family ( Figure 3 ). This homology is centered around the aspartic acid, histidine, and serine residues of the active site Iriad of these enzymes and is also found in the substrate binding region. N-Terminal amino acid sequence analysis of the active SKll proteinase showed that, in analogy with other refine proteinases, the SK11 proteinase is produced as a pre-pro-protein (23, 24) .
The prtM gene encodes a 33 kdal protein that is involved in the maturation of the proteinase precursor into an active enzyme (24) . An identical protein is also required for the activation of the PI type proteinase of L. lactis ssp. cremoris Wg2 (11) . Evidence for the role of the prtM gene product as a trans-acting maturation enzyme is based on the following observations (24): 1) only L. lactis clones containing the DNA region containing both prtP and prtM genes produce a functional proteinase with an apparent size of approximately 135 kdal; 2) in the absence of a functional prtM gene, a proteolytically inactive proteinase precursor is formed that is approximately 80 kdal larger than the active proteinase; 3) active proteinase is also formed when the prtP and prtM genes are located on compatible plasmids; 4) the active SK11 proteinase does not contain the first N-terminal 187 amino acids (with a size of approximately 20 kdal) that are deduced to be present in the primary prtP gene expression product ( Figure 3 ). In order to account for the observed size and N-terminal differences of the precursor and mature proteinase, it is assumed that processing of the inactive, primary translation product of the prtP gene, which is synthesized as a pre-pro-proteinase (see above and Figure 3 ) occurs both at the N-and C-terminal ends of the protein.
Transcription studies have shown that the transcription initiation occurs at the small, 324-base pair (bp), intercistronic region between the oppositely orientated prtP and prtM genes. This AT-rich region contains two overlapping promoters that initiate the divergent transcription of both genes (Figure 2 and 4) . Interestingly, the transcription of the genes occurs at oppositely located nucleotides in the central part of a 44-bp long region that consists almost exclusively of AT base pairs and has an unusual rotational symmetry (Figure 4) . It is likely that this structure is involved in the coordinate expression of both prtP and prtM genes and may constitute a common regulation site in analogy with other divergently organized transcriptional units (1) . These results indicate that for a functional expression of the lactococcal proteinase both the prtP and prtM genes have to be cloned and expressed coordinately.
Topc.~enic Signals in the
Lactococcus ~
SKll prlP and pr/M Expression Products
Inspection of the N-terminal amino acid sequences deduced from the nucleotide sequences of the priM and prtP genes shows in both cases the presence of a signal sequence (presequence, Figure 3 ), indicating that these proteins are located outside the cellular membrane. Evidence for the functionality of the signal sequence of the SKI 1 proteinase has been obtained from gene fusion studies. The prtM expression product may be covalently linked to the membrane lipids and therefore associated with the cell envelope, since it contains a consensus lipoprotein signal sequence (11, 24) .
The lactococcal proteinases are also present at the cell envelope (20, 22) . The mechanism that accounts for this fixed position has recently been clarified by comparing the C-terminal amino acid residues of the prtP gene product with a number of cell envelope located proteins from gram-positive bacteria. All these C-terminal sequences consist of a consensus membrane ETAL.
anchor sequence (MA) (see Figure 3 ) that conrains a membrane spanning u-helix flanked by a proline-rich region at the extracellular Nterminal end and a highly charged intracellular region at the C-terminal end (23) .
Ovorproduetion and Secretion o! the Lactococcus lactis $K11 Proteinase
The detailed information of the SK11 proteinase genes was used to modify the amount and location of the SKl l proteinase. A 6-kh DNA fragment of the proteinase plasmid pSKI 11 carrying the complete SKI 1 proteinase gene, including its transcription terminator that is located approximately 100 bp downstream of the prtP gene and the prtM gene was cloned into a lactococcal plasmid vector. The plasmidflee L. lactis ssp. lactis strain MG1363 (10) containing the resulting plasmid appeared to produce several fold more of the PIII-typ¢ proteinase than the original SK 11 strain containing the wild-type proteinase plasmid pSKlll (7, W. M. de Vos et al., in press). The initial growth and acidification rates in milk of the strain with elevated proteinase levels were higher than those of control strains (P. Vos et al., manuscript in preparation). The most likely explanation for the overproduction of the SK11 proteinase is the gene dosage effect as a consequence of the use of a plasmid vector with a moderately high copy number, Identification of the membrane anchor sequence in the proteinase (Figure 3 ) allowed the construction of prtP genes that lacked this sequence. Such constructs were made in various ways and introduced in proteinase-deficient L.
lactis ssp. lactis and cremoris hosts. The resulting strains were all proteinase proficient and invariably produced a completely secreted proteinase that retained its PIII type specificity toward casein (5) . In contrast to the general properties of other extracellular proteinases in gram-positive bacteria, the production of the SKI 1 proteinase appeared to be independent of the growth phase of the culture in pH-controlled fermentors. Complete secretion of the SK11 proteinase may have advantages for the preparative isolation of this Pill-type proteinase and its application in the degradation of casein into nonbitter peptide fractions.
HETEROLOGOUS GENE EXPRESSION IN MESOPHILIC LACTIC ACID BACTERIA
Apart from a variety of antibiotic resistance genes from mainly gram-positive origin, only a few heterologous genes have been expressed in mesophilic lactic acid bacteria. These include the E. coli lacZ gene (8), the bovine prochymosin gene (13, 19) , and the gene for egg white lysozyme (21) . In all cases, use was made of in-frame gene fusions with well-described streptococcal expression signals.
In the expression studies summarized here, gene fusions were made with DNA fragments containing the well-characterized expression signals and part of the coding sequence of the L. lactis SKI 1 prtP gene (Figures 2, 3, and 4) . This provides the additional advantage to analyze the efficiency of the proteinase signal sequence in secreting a heterologous protein. The hydropathy plot of the first N-terminal amino acid sequence of the SKl l proteinase shown in Figure 5 illustrates the characteristics of the employed signal sequence.
Expression of an Escherichia coil lacZ Gene Fusion in Lactococcus and Leuconostoc
The E. coli lacZ gene is one of the best characterized model genes used in the analysis of bacterial gene expression. A lacZ gene fusion was made by fusing the expression signals and the first 9 N-terminal amino acids from the L. lactis SKl l prtP gene to the 8th codon of the lacZ gene (8) . After insertion on the broad host-range lactococcal cloning vector pNZ17 (6), the final construct was transformed into E. coli (8) , L. lactis (8) and Leuconostoc paramesenteroides (4). In the latter case, use was made of an host-vector system based on a optimized electroporation procedure developed for Leuconostoc (4) . In all cases lactose-deficient strains devoid of [3-galactosidase or phospho-13-gaiactosidas¢ were employed to allow easy de-termination of the expression of the lacZ gene fusion. High expression of the lacZ gene fusion was observed in E. coil [up to 5% of the total protein, (8) ]. In the mesophilic lactic acid bacteria containing the lacZ gene fusion, high levels of ~-galactosidase were also found (approximately I000 nmol/min per mg protein).
These results demonstrate the functionality and efficiency of the employed lactococcal expression signals in both gram-positive and gram-negative hosts and also illustrate the use of lactococcal expression vectors in the mesophilic lactic acid bacteria. be demonstrated when the PCB gene was fused to the 8th codon of the prtP gene. In contrast, when the PCB gene was fused to codon 33, a protein band with a similar size as prochymosin was found in the periplasmic fraction of E. coli or in cell-flee supematants of L. lactis. When fused to codon 62, however, a protein band with an slightly increased size (approximately 3 kdal) could be detected in both hosts.
These results demonsWate the functionality of the SKI 1 prtP signal sequence in secreting heterologous proteins in L. lactis and E. coli and strongly indicate that this signal sequence consists of 33 codons. Moreover, it provides the first example of the exploitation of the secretory pathway of lactic acid bacteria and demonstrates the usefulness of the developed secretion vectors in lactococci.
CONCLUDING REMARKS
The detailed molecular analysis of the lactococcal lactose and proteinase genes has initiated a basic understanding of gene organization and expression in lactic acid bacteria. This allowed for the first rational changes to be made in important dairy functions and resulted in starter strains that overproduced or secreted proteinase. Furthermore, it provided the components for a food-grade marker system that could form the basis for the construction of a second generation of homologous and safe vectors. These are indispensable for the uncontained use of genetically modified lactic acid bacteria in dairy and other food products. Finally, the basic genetic analysis of the proteinase gene provided the tools for developing expression and secretion vectors that effected the synthesis of heterologous proteins in the mesophilic lactic acid bacteria of the genera Lactococcus and Leuconostoc. The secretion of bovine prochymosin in lactococci exemplifies a simple production system for an industrial protein and illustrates that genetically modified lactic acid bacteria have potential as food-grade production organisms.
